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ABSTRACT OF THESIS

FABRICATION AND CHARACTERIZATION OF NICKEL PLATED MICRORESONATORS FOR NONCOMMUTATIVE ORIENTATION CONTROL IN
MICROROBOTS
This thesis describes a procedure for fabricating arrays of microstructures out of SU-8 photoresist and nickel, which was developed with the goal of yielding microrobots capable of 1D
rotation by way of magnetically-induced beam vibration that could be used for non-commutative
orientation control. Several multi-layer geometries were designed, fabricated, tested and refined.
In this process, micro-adhesion of multiple SU-8 layers was also studied. A method for de-positing
nickel via electroless plating was also developed, tested and characterized. While no microrobots
were shown to produce rotation, the final results included beams that were capable of
magnetically-induced vibration when subjected to an AC magnetic field. These samples were
characterized to determine resonant frequency of the individual beams.
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Chapter 1

Introduction
1.1

Background

The advent of microfabrication occurred around the early 1970’s when techniques originally used
for producing integrated circuits were applied to the construction of what would become known
as the first Micro-electro-mechanical systems (MEMS). The earliest examples generally consisted
of proof of concept builds or miniaturized versions of common macroscopic machines such as the
micro-motor shown in figure 1.1. Early testing of electrostatically-driven IC-processed micromotors showed them to under-perform in both speed and energy efficiency and supported the
significance of frictional effects at small scales [1]. While IC processing offers impressive fabrication capabilities, these early designs did not necessarily take into account the scaling of forces at
the micro-scale, so they were not always as efficient as their macro-scale counterparts. Surface
tension, electrostatics, pressure, and magnetism all scale particularly favorably when attempting to miniaturize related machinery, and if leveraged properly, can allow micro-mechanisms to
perform their intended purpose while yielding benefits of lower energy consumption, efficient
parallel manufacturing, and superior sensitivity and precision depending on the relevant task at
hand when compared to macro-scopic counterparts [2]. Due to the advantages of scaling, micro
and nano constructs have continued to increase in complexity, and with the simultaneous miniaturization of information technology in accordance with Moore’s law, the question of producing
micro-scale robots has only become more relevant over time.
Within the context of this thesis and the project described within, a microrobot is an individ-

1

Figure 1.1: SEM image of early (1980s) micro-motor. Such motors demonstrated lower rotational
speeds and required higher voltages than initially expected (© 1989 IEEE) [1].
ual artificial construct with multiple mechanically functional features whose minimum dimension
is less than 1mm and which is designed to fulfill at least one task. Because of the varied changes
in physics that occur when processes are reduced to the micron scale, conventional methods
of accomplishing mundane actions such as movement over a surface that are functional at the
macro scale don’t necessarily work as demonstarted by the micro-motor example discussed previously. In contrast, other scaling laws actively encourage miniaturization. For example, the
reduction in mass brought about by the miniaturization of a mechanical system intended to
operate in space-faring missions would increase the ease of placing the relevant system in orbit,
thus increasing the ease of the overall operation [2]. It is due to such examples that there exists
a research interest in micro and nano scale motive systems, and why the project at hand came
to be.

2

1.2

Motivation

The general goal of the project was to design and characterize a microrobot capable of controlled
1D rotation about a single axis. The method covered within this thesis is the application of a noncommutative orientation control (NOC) mechanism to a micro-scale system. The NOC concept
has already been functionally implemented at the macro-scale and can be further improved
through miniaturization by taking advantage of favorable scaling laws [3]. However, where the
macro-scale version makes use of the piezoelectric effect as its driving force, the miniaturized
version instead leverages magnetic forces, which can be externally applied and easily controlled
from a macro-scale perspective. In the micro-scale version, this method has the advantage of
being contact free, meaning that the scaling of friction will not severely hinder its operation.
In addition, since they need not rely on nearby surfaces for their associated maneuvers, both
designs are operable in difficult environments such as the vacuum of space.
The task of miniaturizing the NOC mechanism used on the cube-sat came with the necessary
intermediate goals of constructing the micro scale system and incorporating a magnetically
responsive material that would allow for actuation in an otherwise non-ferromagnetic structure.
In short, at its inception, the project had three objectives:
1. Design and debug a reliable, lithography-based fabrication process for the superstructure
of a microrobot.
2. Refine the technique of applying electroless nickel plating to micron-scale surface area.
3. Characterize the mechanical effects of magnetically actuating the microrobot.

1.3

Overview

This thesis will walk the reader through the processes, experiments, and results encountered
over the course of the project, along with the knowledge base necessary to understand them.
In chapter 2, the fundamental concepts behind the theorized operation of the microrobots will
be explained. This includes solid beam mechanics, relavent properties of ferromagnets, and
the dynamics at play behind noncommutative orientation control. In chapter 3, the processing
techniques used in the project will be covered from a general perspective so that they can be
efficiently applied and understood in subsequent sections. These include fabrication steps such
3

as spincoating, sputtering, and photoresist application, along with a comparison of electroplating
and electroless plating. In chapter 4, the designs created in the project will be outlined, along
with the sets of results that both led to and resulted from their implementation respectively.
Specifically, the initial microrobot design will be displayed, followed by an explanation of the
adhesion experiments that followed, leading to the creation of the current microrobot design.
The methodology and results from both the plating and microrobot characterization components
of the project will also be conveyed in this chapter. In chapter 5, the end conclusions drawn
from the overall project will be presented and explained, along with possible directions for future
work.
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Chapter 2

Theory
This chapter will cover the set of concepts required to induce 1D rotation in an object through
the vibration of attached beams in the context of their application to a micro-scale system.
The microrobot design makes use of cantilevers that are vibrated by exposing ferromagnetic tip
masses to an AC magnetic field. This causes the tip masses to rotate back and forth, which
in turn leads the beams to vibrate and causes the primary mass to wobble. For a system like
that shown in figure 1.1, the tip masses only rotate about the z and x axes (the red mass and
light blue mass respectively), but this effect can produce a net rotation about the y-axis. Thus,
this section will cover the basic mechanics of static beam bending, beam natural frequency,
magnetically induced torque, and non-commutative orientation in the context of producing 1D
rotations.

Figure 2.1: The general design concept for the microrobots. Cantilever beams (green) with
ferromagnetic end masses (red and light blue) are attached to a structural unit (dark blue)
where y is the primary axis of rotation.

5

2.1

Beam Bending

Consider a cantilever of length L with one end fixed and one end free with an applied moment
M , as pictured in figure 2.2.

Figure 2.2: Cantilever beam of length L fixed at one end. A moment M is applied to the opposite
end, yielding an end deflection of δ.
Let us assume the beam material is homogeneous and elastic. In this case, the deflection of
the beam can be written as
d2 δ M
=
dx2 EI
dδ M x
=
+ C1
dx EI
M x2
δ=
+ C1 x + C2
2EI

(2.1)
(2.2)
(2.3)

where E is the material’s modulus of elasticity, I is the beam’s moment of inertia, and δ is the
beam’s deflection. Using the boundary conditions for a cantilever beam (dδ/dx = 0 at x = 0
and δ = 0 at x = 0), we can rewrite equation 2.3 as

δ=

M x2
.
2EI

6

(2.4)

Applying equation 2.4 to the end of the cantilever results in the relationship

δmax =

M L2
.
2EI

(2.5)

In the system described in this work, the beams have a rectangular cross section of width b and
height h. Therefore, the moment of intertia is I = 3bh3 /12. Additionally, M will be induced
through a magnetic torque T. Thus, the final equation for the maximum beam deflection is

δmax =

6T L2
.
Ebh3

(2.6)

Equation 2.6 implies that the tips of the beams will be deflected a specific distance for a given
torque and can be used to characterize the response of the beams subjected to a known magnetic
torque.

2.2

Ferromagnetic Actuation

A method of generating micro-scale torque was needed and external actuation of a ferromagnetic material was chosen because it could generate torque in a contact free manner by leveraging
magnetic domains. A magnetic domain is a localized area within a material in which the magnetization is in a uniform direction. In most materials, the magnetic domains are oriented in
all directions and cancel each other out. However, when a ferromagnetic material is exposed to
an existing magnetic field, its constituent magnetic domains line up within the field to a degree
dictated by the material’s inherent magnetic susceptibility X [4]. In ferromagnetic materials
such as copper or nickel, this quantity is very high – 600 for nickel [5] compared to 2.2 × 10−5
for aluminum [6] – and the constituent dipoles react accordingly as shown in figure 2.3.
This conditional magnetization provides an avenue of control because the ferromagnetic material will only react this way when exposed to an external field and will return to an unaligned
state when the magnetic field is removed.
Now let us consider our cantilever from section 2.1 but with a mass of ferromagnetic material
of volume v attached to the free end as shown in figure 2.4.

7

Figure 2.3: Magnetic domains without the influence of an external magnetic field (left) vs.
magnetic domains in the presence of an external magnetic field (right).

Figure 2.4: Cantilever (green) of length L with ferromagnetic end mass (grey) subjected to
~ oriented at an angle θ with respect to y. A torque T is generated,
external magnetic field H
inducing a deflection δ in the end of the beam.
~ oriented at an angle θ relative to Y, a torque
If you expose the mass to a magnetic field H
Tz will be generated such that

Tz =

1
~ 2X
µ0 v|H|
2



1
1
−
1 + nx X
1 + nz X


sin2θ

(2.7)

where µ0 is the vacuum permeability constant [4]. nx and nz are demagnetization factors in
x and z respectively and will be determined by the material’s shape and tendency to deviate
8

from an ideal case [4]. For example, an ideal sphere of ferromagnetic material would have
demagnetization factors of 1/3, whereas a plate which is negligibly thin in z would have have a
demagnetization factors nz approaching 0 [7]. Thus, for a ferromagnetic mass symmetrical in x
and z, we can combine equations 2.7 and 2.4 to produce the generalized formula
6L2
Tz
Ebh3


6L2 1
1
1
2
~
=
µ0 v|H| X
−
sin2θ
Ebh3 2
1 + nx X
1 + nz X

δmax =

(2.8)
(2.9)

for the maximum deflection of a fixed beam with a ferromagnetic mass on one end affected by
a uniform magnetic field. We now have an explanation of how a magnetic field will induce a
deflection in a beam and can proceed to explore how the resultant deflection in multiple beams
can be used to generate 1D rotation.

2.3

Rigid Body Rotation

Rotations of a rigid body are non-commutative, which means that the final orientation of an
object that undergoes a series of rotations will depend on the order in which those orientations
take place. This means that a given change in orientation can be accomplished in multiple
ways. Consider the rectangular prism in the left column of figure 2.5 where (xa , ya , za ) is an
independent coordinate system. A second coordinate system (xb , yb , zb ) is fixed to the body of
the prism. The prism undergoes 3 separate 90◦ rotations with respect to its body coordinate
system. The rotation sequence proceeds as follows: first +90◦ about zb , then +90◦ about xb ,
then −90◦ about zb . The end result of the rotation sequence is a +90◦ rotation about ya (which
originally coincides with yb ). Note that this change in orientation was accomplished indirectly
without a single rotation about yb . Now consider the rigid mass resting on a rigid surface as
displayed in the right column of figure 2.5. Suppose the mass is acted upon by a torque about
zb . The mass will rotate φz about zb . Now, if the torque is removed and replaced with a second
torque about xb , the mass will rotate φx about xb . If this process is repeated with the direction
of the torques reversed, the mass will have rotated φy about yb which also corresponds to a
rotation about ya . Even if the individual rotations are smaller than 90◦ as in the left column of
figure 2.5,

9

Figure 2.5: Rigid body rotations of a rectangular prism (left column) and cubic mass with fixed
cantilevers (right column). While the angles rotated by the two objects differ in magnitude, both
follow the same pattern of rotating first about zb , then about xb , then once more about zb to
yield a net rotation about ya .
full revolutions about the external y-axis can be achieved by repeating the same rotation sequence. This concept is the basis for non-commutative orientation control and has already been
applied at the macro-scale to generate 3D rotation in a small satellite (cubesat) system [3].
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2.4

Natural Frequency

Now, consider the scenario in which the moment on the beam in figure 2.2 is released. Under the given conditions, the beam would experience free vibration- continuously experiencing
deflections on either side of its horizontal axis at its natural frequency fn . All objects have a
particular natural frequency, which is dictated by their physical characteristics. For a given mass
m undergoing vibration, the natural frequency fn can be found using the equation
r
fn =

k
m

(2.10)

where k is the spring constant. By Hooke’s law for simple linear springs,

k=

F
.
δ

(2.11)

Now, if the moment in figure 2.2 is replaced with a force that would yield an equivalent end
deflection, this end deflection can be described by the equation

δ=

6T L2
F L3
=
.
3
Ebh
3EI

(2.12)

Thus, we can substitute the rightmost column of equation 2.12 into equation 2.11, which yields
the relationship
k=

3EI
L3

(2.13)

for the stiffness of a cantilever. Thus, the natural frequency of a cantilever is
1
fn =
2π

r

1
3EI
=
3
mL
2π

r

Ebh3
4mL3

(2.14)

in cycles per second. In order to apply this equation to our system, we are equating the mass
on the spring to the tip mass, meaning that we must make the simplifying assumption that the
beam mass is negligible.
Now consider again the rotation sequence from the right column of figure 2.5. The rotation
sequence only works if the induced torques do not occur simultaneously. Thus, in order to induce
any rotation, the beams must vibrate at different frequencies. For a microrobotics application,

11

the scale of the system would make it difficult to independently subject multiple beams to
different magnetic fields since the fields would necessarily need to be placed close together and
—given the scale of the robot— would thus interact/interfere with one another. However, the
frequency separation could be accomplished by having beams with different geometries, and
therefore different natural frequencies. In addition, exposing the beams to an AC field with a
frequency close to their respective natural frequencies also exponentially increases the induced
deflection allowing the user to maximize the resultant rotation.

12

Chapter 3

Processing Fundamentals
In order to effectively follow the ways in which the microrobots were designed and fabricated, an
explanation of microfabrication concepts will be necessary. The following sections describe steps
which are integral to the robot fabrication process and which are commonly cited throughout
this thesis.

3.1

Fundamentals of Microfabrication

The robots were designed with microfabrication techniques in mind, particularly in such a way as
to allow for efficient parallel processing and easily lead to further miniaturization in the future.
To this end, an additive approach was taken with photosensitive polymer as the primary building
material.
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3.1.1

Photolithography

When utilizing a material that is sensitive to ultraviolet radiation, it is possible to generate a
pattern in the material with micron scale precision by exposing it to light through a photomask,
as shown in figure 3.1. The individual components of this process are explained in this subsection.

Figure 3.1: An example of photolithography. A light sensitive material (clear blue) can be
exposed to light shown through a photomask (light grey) to create a pattern (solid blue).

Photoresists
Photoresists are polymers whose physical characteristics change when exposed to light of a specific wavelength. This trait makes them useful as structural or masking materials for micro/nanofabrication. PPR (Positive Photoresist) will solidify when exposed to heat due to the evaporation
of solvent from within the material. Afterwards, when exposed to light, the resist will degrade
as polymer chains are broken down, causing the resist to become more soluble in those regions.
When exposed to a specific chemical solvent (developer), the degraded regions will be selectively
removed as shown in the left column of figure 3.2.
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Figure 3.2: Diagram of positive photoresist (left) and negative photoresist (right) from application through development.
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In contrast, NPR (Negative Photoresist) crosslinks upon being exposed to UV light, as shown
in the right column of figure 3.2, with heat accelerating the process. A strong acid is formed
during UV exposure, which then catalyzes the thermally initiated cross-linking during the PEB
(post exposure bake), allowing NPR to be developed into structurally stable layers with a variety
of thicknesses (5-100 µm).
SU-8 negative photoresist was chosen as the primary material for the base and beam components of the microrobots since it provided a lightweight, compliant elastic material that would
maximize beam deflections for a given torque. The other primary material considered was silicon, which is stiffer and denser as per table 3.1 and would also require more work to process
using traditional microfabrication techniques.
Table 3.1
Density
Modulus of Elasticity
Poissons Ratio

Silicon
2330 kg/m3
160 GPA
0.22

SU-8
1190 kg/m3
4.02 GPA
0.22

Comparison table for SU-8 and Silicon [8], [9].
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Spincoating
Spincoating is a process through which bulk samples of fluid are placed on a substrate and
converted into thin, uniform layers of material. The substrate is rotated at high speed for
a short duration (typically less than a minute) causing the bulk fluid to spread out over the
surface of the object, as shown in figure 3.3. For a photoresist, the resulting material thickness
(t) follows the equation
t=

KC β η λ
ωα

(3.1)

where C is polymer concentration in the photoresist, η is viscosity of the photoresist, ω is rotational speed, and all other terms are empirically derived material specific constants. The
resultant thickness of the layer is inversely proportional to the rotation speed as shown in figures 3.4 and 3.5. Figure 3.4 shows the spin curves for different formulations of SU-8 while
figure 3.5 shows the spin curves for several positive photoresists. Note that the thicknesses for
the SU-8 are roughly an order of magnitude higher than those of the positive photoresists for
the same spin speeds.

Figure 3.3: Diagram of spincoating procedure. First, a fluid solution is deposited on the substrate, which is held in place using a vacuum chuck (1). The chuck is then rotated (2) to spread
the solution, yielding a single uniform layer (3).
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Figure 3.4: Thickness as a function of rotational speed for SU-8 3000 series negative photoresist [10]

Figure 3.5: Thickness as a function of rotational speed for S1800 series positive photoresists [11]
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UV Exposure and Development
After deposition, patterns can be generated in the photoresist using the following steps:
1. Prebake photoresist layer: The sample is heated in order to evaporate solvents, thus
hardening the layer.
2. Expose photoresist layer: UV light is shined through a photomask, selectively exposing
certain regions of the photoresist layer.
3. Postbake photoresist layer: The sample is heated, accelerating the polymer crosslinking
initiated by the exposure and ensuring that the features are fully formed (NPR only).
4. Develop photoresist layer: The sample is placed in a photoresist-specific solvent in
order to remove exposed or unexposed resist for PPR and NPR respectively.
One of the photomasks used in the microrobot fabrication process is shown in figure 3.6. These
are composed of layers of fused quartz and chrome. When produced, the silica layer is plated
with chrome, which is then selectively stripped away to produce the desired stencil.

Figure 3.6: Photomask used in the project (left) and zoomed in view of features (right). Scale
Bar = 10mm.
A given photoresist will require a set energy Euv (typically measured in J/m2 ). The energy
generated by the bulb per unit of time will change depending on the total UV light intensity Iuv
(typically measured in W/m2 ) as measured from the position of the sample with respect to the
UV bulb. As such, the exposure time te in seconds is described by the relationship

te =

Euv
.
Iuv
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(3.2)

The use of photolithography allows for a precise method of producing numerous structures in
an array. In this project, the process was used to construct both the beams (vibrating actuators)
and the main body of the microrobots out of SU-8 negative photoresist.

3.2

Sputtering

The term sputtering describes a number of similar techniques that are useful for forming thin
layers of material with submicron precision. The sputtering process used in this project is shown
schematically in figure 3.7. Argon gas particles are released into a chamber and are stripped of
their outer electrons by a magnetic field, forming a plasma. Since the argon particles are now
charged, they are susceptible to electric fields, which can be leveraged to propel them towards a
sample of the plating material or “target”. The charged particles then impact the target. This
causes some of the material’s constituent particles to detach and be propelled away from the
target surface in all directions—some of these particles will impact the substrate, leading to the
formation of a layer of the target material. The system is kept under vacuum, thus reducing the
number of particle interactions that can occur to deflect a particle once it has been detached from
the target. The resultant sputtered layer density, uniformity, and deposition time will depend
on the “throw” - the distance between the target and the sample - utilized in a particular case.

Figure 3.7: Diagram of sputtering.
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Specifically, since the particles are emitted omnidirectionally, the rate of deposition is inversely proportional to the throw distance. By extension, the thickness of a layer sputtered for
a set time will also be inversely proportional to the throw distance.

3.3

Nickel Plating

As discussed in chapter 2, a nickel mass was necessary in order to magnetically actuate the
beams. The following section describes both electric plating and electroless plating - the two
methods of applying nickel to the microrobots that were considered for the project.
Electroplating
Electroplating is the most commonly used method to apply thick (5+ µm) layers of metal
to a surface in microfabrication. In this method, a cathode and anode are connected to a
voltage source and submerged in an electrolyte solution as shown in figure 3.8. Electroplating

Figure 3.8: Diagram of a standard electroplating system.
usually functions in one of two ways: either the anode is oxidized and particles from the anode
flow through the liquid electrolyte to be deposited on the cathode, or the anode is a nonconsumable metal and the plated atoms come directly from the electrolyte bath. In either case,
the components of the system collectively complete an electrical circuit. Thus, in order to deposit
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metal on an array of micro-structures, a complex system of wires linking the individual structures
to the voltage source would be needed. This would substantially increase the difficulty of applying
the method in this work. As such, we opted to pursue electroless nickel plating instead because
it can deposit metal on surfaces without the need for an electrical circuit.

Electroless plating
Electroless plating solutions rely on a series of chemical reactions to extract nickel from an
aqueous solution and deposit it on a compatible substrate. While the specific components of the
aqueous solution or “bath” can vary, it generally consists of an aqueous metal source (M ) and a
reducing agent (R) which react autocatalytically — producing a catalyst for their own reaction
as a byproduct — to produce metal on the substrate until one of the components is completely
used. The oxidation and reduction reactions involved in the deposition are

Rn+ → Rn+z + ze−

(3.3)

M z+ + ze− → M.

(3.4)

and

For example, with regards to a plating solution consisting of sodium hypophosphite (N aH2 P O2 )
and nickel chloride (N iCl2 ), the oxidation and reduction reactions would be
H2 P O2− → HP + O2− + H +
HP + O2− + OH − → H2 P O3− + e

(3.5)
(3.6)

and
N i2+ + 2e− → N i
respectively [12].
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(3.7)

Chapter 4

Design and Results
The following chapter describes the two types of microrobot designs used over the course of this
project, including the differences between them and the significance of their individual features.
Additionally, the processes used to create the robots for both designs are discussed, including
how the fabrication techniques explained in chapter 3 were specifically applied in this project.
Finally, this chapter presents the experiments performed as a part of the microrobot project
along with the respective results.

4.1

General Concept

The end goal of the robot design was to generate 1D rotation of a micro-structure as described
in chapter 2 by magnetically actuating two beams of different lengths. Because of the length
difference, the beams would vibrate with different amplitudes for a given magnetic field frequency,
which would lead to net rotation about one axis, in accordance with non-commutative orientation
as described in section 2.3. The initial concept is illustrated in figure 4.1.
The primary structural material was SU-8 negative photoresist (series 3005 for the beams,
series 3050 for the discs and stands). SU-8 was chosen as the primary construction material
because as a photoresist, it could be precisely formed into the individual microstructures needed
for the overall robot design using photolithography, and because its light weight and elasticity
would be favorable for high deflection as mentioned in chapter 3. Similarly, nickel was chosen
as the ferromagnetic material due to its high magnetic susceptibility and comparative ease of
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Figure 4.1: Design and dimensions of the initial microrobot design.
application. Other ferromagnetic materials such as iron also have high magnetic susceptibilities,
but are less accessible with regards to the plating process itself.
The general idea for the robot design and dimensions came from a numerical simulation along
with the results of previous work done at the macroscopic level (30+ mm in this case) where the
magnetic responses from different nickel masses were tested experimentally [4].

4.2

Microrobot Design, Version 1

The fabrication process for the initial microrobot design is shown in figure 4.2. A 3” silicon
wafer was used as the substrate (A). This substrate was coated in a 17 nm layer of microchem
omnicoat (B) via spincoating, followed by a 3.7 µm layer of SU-8 patterned via photolithography
to form the beams (C). A 7.5 µm thick layer of positive photoresist (D) was added over the course
of 3 consecutive coats and then patterned via photolithography to cover the entire wafer, except
for small openings where an NiCu seed layer was desired; a 350 nm thick layer of NiCu was
then deposited over the entire wafer by sputtering (E). After this, the positive photoresist layer
was selectively dissolved, removing all of the NiCu except for small islands at the end of each of
the beams (F). Next, a 10 µm layer of SU-8 3005 was patterned via photolithography to form
guiding walls (G) and help pin the NiCu layer in place. These walls guided the deposition of
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Figure 4.2: Fabrication process for initial microrobot design. Note that the components in these
diagrams are not to scale.
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nickel in the subsequent electroless nickel plating step (H) where the NiCu seed layer catalyzed
the nickel deposition reaction. Afterwards, a 100 µm layer of SU-8 3050 was coated onto the
wafer and then developed into stands (I). A glass slide was used as a second substrate and
was coated with a layer of omnicoat followed by a 100 µm thick layer of SU-8 3050. The glass
substrate with its features was flipped over on top of the silicon/SU-8/nickel wafer such that
the uncrosslinked SU-8 layer on the glass was brought into contact with the top of the SU-8
posts on the silicon wafer. Then, the assembly was exposed to UV light through a photomask to
form the discs around/in contact with the posts (J). The structure was then placed in developer
to remove all excess SU-8, then placed in remover PG to dissolve the omnicoat and detach the
microrobots from the silicon and glass substrates (K).
The microrobots produced by the process outlined in figure 4.2 are pictured in figure 4.3. The
efficient parallel processing offered by the photolithographic approach allowed for three different
beam orientations with six instances apiece to be fabricated on a single wafer at a time. This
made it possible to fabricate and independently test the different orientations to determine which
would yield the best reaction.

Figure 4.3: Three microrobot designs (top) and corresponding microscopy images of microrobots
A, B, and C (bottom). Scale bar = 2.5mm.

4.2.1

Adhesion

The fabrication process described in Figure 4.2 was plagued with a very high failure rate: typically 85%+ of the robots in a given batch were unusable. The majority of these failures occurred
during the non-standard adhesion step (Figure 4.2J). When using this approach, many of the
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resulting robots were unusable due to the posts not attaching to the beams as intended.
This manual adhesion step (illustrated in figure 4.4) involved placing a glass slide with a
layer of uncured SU-8 3050 in contact with existing stands and supports (figure 4.4A, B). After
the two surfaces were brought into contact, the uncured SU-8 was exposed to UV light through
a photomask, patterning the disk geometry in place (figure 4.4C). The combined structure was
then placed in developer to remove excess SU-8 and then in Remover PG solution to detach the
microrobots from the glass and silicon substrates. In addition to the features that composed the
microrobots, a set of four supports were built up over the course of the fabrication process to
assist in maintaining correct vertical spacing between the glass and silicon during the manual
step. SU-8 support features were created in steps (C), (I), and (J) of the fabrication process
shown in figure 4.2, although these supports are not illustrated in that figure.

Figure 4.4: Side by side comparison of adhesive methodology.
In order to improve the low reliability of this adhesion step, a series of alternate adhesion
methods were explored. The goal was to find a simple and reliable way to alter the fabrication
procedure to increase the adhesion between the disc and stand components. In order to do so, the
full fabrication process was simplified such that it included only the most relevant components:
the stands and the discs, as shown in Figure 4.5; these tests did not include fabrication of the
beams or NiCu/nickel deposition. Two general avenues were explored in order to accomplish the
aforementioned objective.
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1. Additional Adhesive Layer:
The first method involved crosslinking the disc layer on the glass slide and then spincoating
a 10 µm thick layer of uncured SU-8 3005 on top as an adhesive layer, as shown in figure 4.4.
After manually joining the two surfaces together, the adhesive layer was exposed to UV
light in order to fully adhere the two components.
2. Reduced Support Height:
The second method tested involved reducing the thickness of the bottom support structures, thereby increasing the penetration depth of the stands within the unexposed disc
layer as shown in figure 4.4. The support structures were decreased in height by 50 µm
which allowed the stand features to be submerged by 50 µm into the uncured disc layer
when the two surfaces were brought into contact. The increase in surface contact area
between the stands and disc layer was hypothesized to improve adhesion.

Figure 4.5: Successful adhesion test examples. Scale bar = 2.5mm
While each of these methods produced some percentage of usable final structures, the overall
number of usable structures was small. For each the three methods tested (original method,
additional adhesive layer, and reduced support height), there were three common failure modes,
as described below and pictured in figure 4.6.
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Figure 4.6: The three adhesion failure mechanisms: Null Contact (Left), Detachment (Middle),
and Pooling (Right). Scale bar = 2.5mm
1. Null Contact: If a stand did not come into contact with the uncrosslinked SU-8 layer prior
to SU-8 curing, the two components would not adhere. Because there was no contact, the
uncured SU-8 layer was not disrupted, and the resulting surface of the disc layer would
be flat and smooth, like that shown in figure 4.6 (left). Because the discs were spread
over a large surface area, even a small fluctuation in SU-8 thickness or the flatness of the
silicon or glass wafers could cause regional variations in contact. Thus, stand adhesion was
very sensitive to height difference across a sample. To test the variability, one set of disc
features was cured and developed on a glass slide (without attempting contact) and the
resulting feature heights were measured using a Zygo interferometer. The results, shown
in figure 4.7 indicated substantial variability across the surface, which most likely lead to
this failure type.

Figure 4.7: Height of features formed on a single silicon wafer.
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2. Detachment: In some cases, the stands did not adhere to the disc components, but left
visible indentations implying that contact was made in the surface, as shown in Figure 4.6
(middle). This implies that contact between the posts and the uncrosslinked SU-8 layer
was made, but that the two components became separated from one another after SU-8
curing. The most likely cause is that the two components sheared apart during the removal
of the components from the silicon and glass substrates.
3. Adhesion Layer Pooling: This failure type was characterized by the presence of one or
more masses of SU-8 on an otherwise clear disc as shown in figure 4.6 (right). The most
likely cause of this failure type was unintended displacement of uncured SU-8 during steps
(B) and (C) in figure 4.4.
The results from the adhesion tests are shown in figure 4.8. Each failure mechanism was
present in both modified methods. While the failure modes of the original adhesion method
were not quantified, it is interesting to note that the pooling failure mechanism was absent in
the original method. While the two modified methods did have a higher rate of attachment
between the stands and discs, the presence of the pooling effect meant that less than 20% of the
final assemblies were usable.

Figure 4.8: Results from adhesion tests with Null, Detachment, and Pooling failure types alongside Successes.

In the end, the reliability of the original method and each of the modified adhesion methods
were unsatisfactory. Thus, a major redesign of the robots was made in order to completely
eliminate this error-prone fabrication step.
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4.3

Microrobot Design, Version 2

Because of the adhesion difficulties encountered during fabrication of the first generation microrobots, the decision was made to redesign the robots to remove the manual adhesion step
altogether. This was done by creating designs such that the beams were no longer overhanging
the discs, as shown in figure 4.9. This important change to the design allowed the microrobots to
be fabricated on a single substrate, removing the need for the adhesion step that was problematic
in version 1. In the cases of microrobot types A and B, the discs were made hollow and formed
into rings with an inner diameter of 3000 µm to now accommodate the internally located beams.
The supports were removed from the overall fabrication process and each robot was also reduced
in diameter by a total of 1000 µm. Note that the dimensions of the beams themselves were not
changed. The new fabrication process is shown in figure 4.10.

Figure 4.9: Three version 1 microrobot designs (top) compared to the version 2 redesigns (middle). Images of robots A, B, and C (bottom). Scale bar = 2.5mm
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Figure 4.10: Fabrication process for second generation microrobot design. Note that the components in these images are not to scale.
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For the most part, this process was similar to the process used to make the version 1 microrobots. The main difference was in the step shown in figure 4.10 (I) where the disc component
of the robot was created instead of a stand.
In addition to the overall robot design changes, a thin ring of SU-8 was also added to the
bottom of the new robots figure 4.10 (J) by spin-coating a 50 µm thick layer of SU-8 3050 on
top of the undeveloped 3050 layer and patterning it using UV light. Then both SU-8 layers were
developed simultaneously. This additional geometry was added so that when the robots were
removed from the surface and inverted into their proper orientation as shown in figure 4.10 (K),
they had a much smaller amount of surface area in contact with the ground, reducing the effects
of friction between the robots and the surface they were resting on. It also served to increase the
distance between the beams and the surface the microrobot was resting on, making it possible
for the beams to have a larger vibration amplitude before they would risk hitting the surface.
In the magnetic actuation tests performed on the version 1 microrobots, the amplitude and
phase offset of the beam vibration were large enough that they should have produced rotation
when compared to the theoretical analysis; yet no rotation was observed. The primary hypothesis
for this phenomenon was that the strength of static friction and surface tension forces between
the disc and the surface on which it was tested (either a plastic petri dish or a thin layer of water)
were too high to be overcome by beam motion. The redesigned version 2 microrobots had smaller
surface area, which was hypothesized to decrease the magnitude of friction and surface tension
forces. The surface area for the version 2 microrobots were 76.6%, 72%, and 55.6% of the surface
area for the version 1 microrobot types A, B and C respectively if no ring feature was included
in step J of the fabrication process. If the ring feature was added, these values decreased even
further to 90.8%, 90.8%, and 87.7% respectively.
Version 1 of the microrobot design demonstrated severe flaws with regards to fabrication
throughput; these flaws characterized by a 85%+ failure rate upon process completion. A study
into the adhesion of SU-8 was launched in an attempt to find a precise way of solving the
fabrication difficulties, but the study did not lead to a solution. Thus, the microrobot geometry
and fabrication method was redesigned to remove problematic steps altogether and improve
overall functionality by reducing the mass and surface area of the microrobots. Though the
fabrication process took about the same amount of time to perform, the redesign was successful
in that it reduced the fabrication failure rate to 25% or less.
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4.4

Nickel Characterization

While the majority of the microrobots can be constructed out of photoresist, the masses at
the ends of the beams must be composed of ferromagnetic material. Thus, a dedicated metal
deposition step was needed. Electroless plating (See section 3.3) was used because it can deposit
relatively thick layers of nickel (≈ 30µm) but does not require complex electrical connections like
those needed for electroplating. However, ENP requires the presence of a thin layer of metal to
serve as a catalyst for the chemical reaction. This metal seed layer can be thin (nanometer scale)
and can thus be added via sputter or thermal deposition. For these experiments, a magnetron
sputterer was used to deposit a 350 nm thick layer of NiCu (See section 3.2). The location of
the NiCu seed layer was controlled by using a photoresist lift-off process: Prior to sputtering,
a layer of positive photoresist was spincoated on the surface of the sample and patterned so as
to leave open only small areas at the end of each beam (Step D of figures 4.2 and 4.10). After
the entire wafer was sputtered with NiCu, the photoresist was removed, taking with it all NiCu
except that which was deposited directly onto the SU-8 surface (i.e., in the open areas of the
positive photoresist).
After the NiCu layer was deposited, a 10 µm tall layer of SU-8 was patterned around the
edge of the beam, so that it overlapped slightly with the NiCu (Step G in Figure 4.10). This
helped to pin the thin NiCu layer in place and keep it from delaminating during the ENP step
that took place next.
From there, the sample was submerged in a 93◦ C, 15 ml/45 ml/240 ml solution of Caswell
plating solution part A, part B, and deionized water respectively for 1 hour (Caswell advertises
a deposition rate of about 25.4 µm per hour). During this plating process, the substrate was
secured in the purpose built acrylic holder pictured in figure 4.11 in order to prevent damage
caused by impacting the side walls of the container during agitation. Additionally, this holder
made the sample easier to handle when adding it to or removing it from the solution. Images of
sample beams after the sputtering and ENP steps are shown in figure 4.12.
The goal of the ENP process was to deposit a rectangular prism of nickel that was 100 µm
in length, 100 µm in width, and 30±5 µm in height. While most results did demonstrate a
successful addition of a nickel layer (thus allowing some level of magnetic actuation), in practice,
few samples had the desired thickness and prismatic shape shown in figure 4.13. For many of the
samples, the geometry of the deposited nickel varied substantially and was difficult to control.
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Figure 4.11: Wafer holder unloaded (left) and loaded with sample (right). Scale Bar = 75 mm]

Figure 4.12: Beam after NiCu seed layer deposition (left) and after SU-8 window addition and
ENP deposition of nickel (right). Scale bar = 150 µm.

Figure 4.13: Optical micrograph (left) and Zygo surface profile (right) of successful ENP deposition. Scale bar = 150 µm.
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The deviations from the desired geometry were attributed to 4 distinct failure modes. Images
of each of the failure modes are shown in figure 4.14; these images and data were obtained using
a zygo interferometer. The failure modes are defined as follows:
1. Null: After the ENP step, no nickel appeared to have been deposited. In some cases, the
ENP seemed to have no effect while in others, the NiCu seed layer itself was stripped away.
2. Stringers: Large amounts of nickel were formed outside of the desired patterning area (SU8 ”walls”). The severity of the failure varied from small deposition sites to large structures
that spanned multiple beam ends.
3. Deformation: The top of the nickel structure varied in height by more than ±5 µm. This
failure mechanism incorporates sharp pits, spikes, or larger surface incongruities.
4. Short: The nickel structure had an average height of 10 µm or less.
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Figure 4.14: Optical micrographs (left) and zygo surface profiles (right) of unsuccessful ENP
deposition. Scale bar = 150 µm
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One potential source of concern during the ENP process was the formation of gaseous byproducts during deposition. During plating, large quantities of gaseous byproduct generated by the
chemical reaction would often remain adhered to the metal surfaces, as shown in figure 4.15. One
hypothesis was that these gas bubbles were sealing off the metal locations from the plating fluid,
temporarily halting the chemical reaction. In an attempt to reduce this effect, the procedure
was altered such that the plating solution was periodically agitated. This was attempted first
using a shear mixer submerged in the ENP solution, and then by using a vortex generator to
periodically agitate the ENP container and solution.

Figure 4.15: Example of the bubble formation, which prompted the addition of agitation to the
ENP component of the process.
Figure 4.16 shows the frequency with which success or each failure mode occurred in ENP
samples run with three different experimental configurations: the “Old Design” (the first microrobot design described in section 4.2), run with either the shear mixer or vortex generator, and
the “New Design” (Version 2 microrobot design) run with the vortex generator. Note that it was
possible for more than one failure mode to occur in a single sample. It can be seen from these
results that stringers and uneven deposition (“deformation”) were by far the two most common
problems. In general, the high quantity of failures suggested the presence of one or more unintended phenomena that negatively influenced the adhesion and accuracy of nickel during the
plating process.
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Figure 4.16: Frequency of success and different failure modes observed during ENP tests.
In order to test the impact of gas bubble accumulation on nickel deposition, an experiment
was designed to document how much time each metal site was obstructed by gas bubbles and
compare it to total amount of nickel deposition. Two data sets were collected: Both involved
performing the ENP process described at the beginning of this section, but one of the tests was
run with periodic agitation, whereas the second was run without. Agitation was performed by
activating a vortex generator linked to the beaker every 30 seconds for 1 hour.
During each experimental set, a total of twelve 100µm x 100µm NiCu squares on a silicon
wafer were subjected to ENP for 60 minutes total. During this time, a digital microscope
(DinoLite) was used to periodically observe the samples to see which ones were obstructed with
gas bubbles. The heights of the individual nickel sites were measured using a Zygo interferometer.
The results of the tests are summarized in figure 4.17. On average, the agitated samples did
spend a longer time uncovered by gas bubbles–and therefore more directly exposed to the ENP
solution–but there is no clear correlation in these experiments between bubble obstruction and
nickel deposition.
This most likely means that the gas bubbles are not completely obstructing the metal sites
when the bubbles form, and that there is some other (non-bubble) reason for the variability
in quality of ENP-deposited nickel. Further investigation of the cause of this variability is
recommended as future work.
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Figure 4.17: Combined plot of results from gas formation experiments.

4.5

Magnetic Beam Actuation

Actuation of the beams was tested by placing individual microrobots in a spatially uniform 18
mT AC magnetic field. The frequency of the AC field was changed from 5 Hz to 250 Hz and
the resulting amplitude of beam vibration was measured using an optical microscope. Beams
at rest and undergoing actuation are shown in figure 4.18. This made it possible to determine

Figure 4.18: Image of beam under no magnetic field (left) and AC magnetic field (right). Scale
bars = 150 µm.
the frequency that yielded the maximum amplitudes for a given beam (i.e., the beam’s natural
frequency). Because of the previously described problems in fabrication, few intact robots with
two functioning beam actuators were available for testing. In the end, a total of five fully intact
robots were tested, the results for which can be seen in figure 4.19.
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Figure 4.19: Amplitude curves for long (blue) and short (orange) beams for intact microrobots.
Five different overall microrobot designs were tested. However, the beam pair for each design
was intended to be identical (i.e., each short beam should have the same geometry as the other
short beams, and each long beam should have the same geometry as the other long beams).
Therefore, each beam pair should exhibit the same pair of resonant frequencies (414 Hz for short
beams and 269 Hz for long beams with ideal geometry) if fabricated perfectly. However, the plots
in figure 4.19 show that there was little consistency in the resonant frequency of the beams.
Much of this inconsistency can be traced back to fabrication issues, particularly with regards
to ENP. While the target nickel thickness was 30 µm, the actual thickness generated by the
electroless plating process was much lower. In order to test the predictive ability of the resonant frequency equations on actual geometry, the dimensions of the nickel structures on one
microrobot (specifically, Design 2-Type B) were measured using a Zygo interferometer, and this
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Figure 4.20: Frequency response for long Design 2-Type B microbeams (top). Nickel characterization of long beam (left) and short beam (right): microscope images (middle) and Zygo profile
measurements (bottom). Scale bars = 150 µm
information was used to to calculate a theoretical beam reaction using equation 2.14.
The Zygo measurements in figure 4.20 show that the long beam and short beam had nickel
heights of 31µm and 14µm respectively. A width and height of 150µm thusly results in masses
of 2.79 × 10−9 kg and 1.25 × 10−9 kg respectively. Using equation 2.14, the theoretical natural
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frequency for the long beam was calculated as
1
fn =
2π

r

1
2π

s

=

Ebh3
4mL3

(4.1)

(4.02 × 109 )(150 × 10−6 )(3.7 × 10−6 )3
4(2.759 × 10−9 )(1000 × 10−6 )3

(4.2)

= 265 Hz

(4.3)

whereas the theoretical natural frequency for the short beam was calculated as
1
fn =
2π

r

1
=
2π

s

Ebh3
4mL3

(4.4)

(4.02 × 109 )(150 × 10−6 )(3.7 × 10−6 )3
4(1.246 × 10−9 )(750 × 10−6 )3

(4.5)

= 607 Hz.

(4.6)

During the amplitude measurements, each beam had a clear peak in maximum deflection,
meaning that they both displayed a natural frequency. However, in both cases, there was a
significant discrepancy between the calculated values and those observed during measurements.
For the long beam: 265 Hz (calculated) versus 200 Hz (measured), and for the short beam: 395
Hz (calculated) versus 160 Hz (measured).
Thus, there exists a discrepancy between one or more of the parameters in equation 2.14 and
in their respective values in reality and/or some error in the equation itself. Young’s modulus
of the beam material (E) has been well established in literature, so it is unlikely to be a large
source of error. The only other parameters in equation 2.14 are geometric parameters of the
beam (b, h, and L) and the mass of the nickel (m). Beam geometry was verified using Zygo
measurements, so it is also unlikely to be a large source of error. However, Zygo measurements
of the nickel prisms in figure 4.20 showed an uneven surface, which means that the estimation
of mass could be off significantly. In addition, these measurements only measure the height of
the top surface, which means pores or voids could exist within the nickel, further affecting the
nickel mass. Finally, the equation used here assumes a point mass at the end of a cantilever
beam, when in reality the prism is relatively large (150µm x 150µm) relative to the length of
the beams (1000µm for the long beam and 750µm for the short beam). This assumption may
be the source of much of the error when using equation 2.14 in this application.
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Chapter 5

Conclusions and Future Work
In this thesis, a fabrication process capable of creating multi-tiered photoresist and metal structures was developed in order to produce arrays of micro-structures with multiple independent
beams with ferromagnetic tip masses. Successfully fabricated micro-structures were actuated in
an AC magnetic field, yielding multiple instances of staggered vibration between each beam pair
located on a single surface. While none of the aforementioned instances yielded rotation, none
of the results from the plating or beam actuation sections of the project definitively precluded
the possibility of the functionality of the overall microrobot design.
Future work should focus on two major areas. First, the ENP process for micro-structures
should be refined to the point where the thickness and geometry of the deposited layer can
be controlled within a reasonable amount of error. Second, the unknown mechanical element
preventing rotation in an otherwise mechanically functional system must be identified. If these
tasks can be accomplished successfully, it may be possible to use this method to control 1D
rotation in microrobotic structures, or even to extend this method to 3D rotational control.
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Appendix A

Final Fabrication Process
The following are the steps necessary to create the version 2 microrobots described in section
4.3.

Step 1: Plasma Etching
Clean the surface of a 76.2 mm Si wafer with IPA. Air dry the wafer until it is fully dry. Place
the wafer in a plasma cleaner on the high power setting for 1 minute.

Step 2: Omnicoat Layer
Place a silicon wafer on the vacuum chuck of a spincoater. Deposit MicroChem Omnicoat via
pipette until the wafer is completely covered in the solution. Spin the sample at 1000 rpm for 30
seconds. Place the sample on a 200◦ C hotplate for 1 minute. Repeat this process 2 more times.

Step 3: Beam Layer
Place the sample on a vacuum chuck within a spincoater. Deposit Microchem SU-8 3005 onto
the wafer via pipette until the wafer is completely covered in the solution. Spin the wafer at
4000 rpm for 30 seconds. Place the wafer on a 65◦ C hotplate for 1 minute. Place the sample
on a 95◦ C hotplate for 3 minutes. Place the sample in a photomask aligner and align it with
photomask 1 section C at an exposure energy of 600 mJ/cm2 . Place the sample on a 65◦ C
hotplate for 1 minute. Place the sample on a 95◦ C hotplate for 5 minutes. Allow the sample to
cool to room temperature. Place the sample in MicroChem SU-8 developer for 2 minutes with
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periodic manual agitation (5 seconds of agitation every 25 seconds). Rinse the sample with DI
water until it is clear of developer.

Step 4: Liftoff Layer
Place the sample on a vacuum chuck within a spincoater. Deposit MicroChem S1815 onto the
wafer via pipette until the sample is completely covered in the solution. Spin the sample at 1000
rpm for 30 seconds. Place the sample on a 115◦ C hotplate for 1 minute. Repeat the instructions
listed to this point in this step 2 more times. Place the sample in a photomask aligner and align
it with photomask 1 section B at an exposure energy of 300 mJ/cm2 . Place the sample in a 1 to
1 solution of DI water and Shipley microposit developer concentrate for 2 minutes with periodic
manual agitation (5 seconds of agitation every 25 seconds). Rinse the sample with DI water
until it is clear of developer.

Step 5: Seed Layer
Place the sample in a sputtering machine with a target of NiCu. Calibrate the throw distance,
gas flow, deposition time, and power to yield a NiCu layer height of 50-100 µm (Individual
settings will vary with the sputtering machine used). Submerge the sample in acetone without
agitation for 5 minutes. Replace the acetone and leave the sample submerged without agitation
for 2 minutes. Replace the acetone again and gently agitate the sample for 3 minutes. Gently
rinse the sample with IPA until it is clear of positive photoresist and excess NiCu (About 1
minute). Be sure to be gentle with the features themselves during this step to avoid separating
them from the substrate.

Step 6: Border Layer
Place the sample on a vacuum chuck within a spincoater. Deposit SU-8 3005 on the wafer via
pipette until the wafer is completely covered in the solution. Spin the sample at 1000 rpm for 30
seconds. Place the sample on a 65◦ C hotplate for 1 minute. Place the sample on a 95◦ C hotplate
for 3 minutes. Place the sample in a photomask aligner and align it with photomask 1 section
A at an exposure energy of 600mJ/cm2 . Place the sample in SU-8 developer for 2 minutes with
periodic manual agitation (5 seconds of agitation every 25 seconds). Rinse the sample with DI
water until it is clear of developer.
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Step 7: Nickel Layer
Independently prepare supplies of 16 parts DI water, 3 parts Caswell ENP solution part A, and
1 part Caswell ENP solution part B. Pour the DI water in a beaker and heat it to 93◦ C. Add
parts A and B and heat the mixture back up to 93◦ C. Place the wafer in the solution for 1 hour,
agitating for 5 seconds every 25 seconds using a vortex generator. Remove the wafer and rinse
it with IPA until its clean.

Step 8: Disc Layer
Place the sample on a vacuum chuck within a spincoater. Deposit Microchem SU-8 3050 on
the sample via pipette until the sample is completely covered in the solution. Spin the sample
at 1000 rpm for 30 seconds. Place the sample on a 65◦ C hotplate for 1 minute. Place the
sample on a 95◦ C hotplate for 30 minutes. Place the sample in a photomask aligner and align it
with photomask 2 section A at an exposure energy of 800mJ/cm2 . Place the sample on a 65◦ C
hotplate for 1 minute. Place the sample on a 95◦ C hotplate for 5 minutes 800mJ/cm2 . Place
the sample in a spincoater on a vacuum chuck. Deposit Microchem SU-8 3005 on the sample
via pipette until the sample is completely covered in the solution. Spin the sample at 1000 rpm
for 30 seconds. Place the sample on a 65◦ C hotplate for 1 minute. Place the sample on a 95C
hotplate for 3 minutes. Place the sample in a photomask aligner and align it with photomask
2 section B at an exposure energy of 800mJ/cm2 . Place the sample on a 65◦ C hotplate for 1
minute. Place the sample on a 95◦ C hotplate for 5 minutes. Place sample in SU-8 developer
and agitate it for 2 minutes. Leave the sample in developer for 3+ hours (Until the SU-8 is fully
dissolved). Rinse the sample with DI water until it is clear of developer.
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Figure A.1: CAD view of sections A, B, and C of photomask 1

Figure A.2: CAD view of sections A, B, and C of photomask 2
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